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FIG. 1
UNLOADING VALVE CLOSED
DISC VALVE CLOSED
WASHER VALVE OPEN

HP= High Pressure

10 40 -
~ v LP=Low Pressure
/// [ 1 (34
l ] HP
46 T— — ///
LP| |12
HP Ambient Air /%/ 44
— a2
28 38 HP
7 32
14\&\\ SN 227\ \ 11 ////////// Y AURNRNNY 14
BW L 24
22 o , 7
30 L 20
" [O

)6!3 \

12
18

AN
DI
RS




U.S. Patent Jan. 27, 2009 Sheet 2 of 10 US 7,481,190 B2

FIG. 2
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FIG. 3
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SPLIT-CYCLE ENGINE WITH DISC VALVE

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Application No. 60/778,049, filed Mar. 1, 2006.

TECHNICAL FIELD

This invention relates to split-cycle engines and, more par-
ticularly, to such an engine incorporating a disc valve.

BACKGROUND OF THE INVENTION

The term split-cycle engine as used in the present applica-
tion may not have yet received a fixed meaning commonly
known to those skilled in the engine art. Accordingly, for
purposes of clarity, the following definition is offered for the
term split-cycle engine as may be applied to engines disclosed
in the prior art and as referred to in the present application.

A split-cycle engine as referred to herein comprises:

a crankshaft rotatable about a crankshaft axis;

a power piston slidably received within a power cylinder
and operatively connected to the crankshaft such that the
power piston reciprocates through a power (or expansion)
stroke and an exhaust stroke during a single rotation of the
crankshaft;

a compression piston slidably received within a compres-
sion cylinder and operatively connected to the crankshaft
such that the compression piston reciprocates through an
intake stroke and a compression stroke during a single rota-
tion of the crankshaft; and

a gas passage interconnecting the power and compression
cylinders, the gas passage including an inlet valve and an
outlet (or crossover) valve defining a pressure chamber ther-
ebetween.

U.S. Pat. Nos. 6,543,225, 6,609,371, and 6,952,923, all
assigned to the assignee of the present invention, disclose
examples of split-cycle internal combustion engines as herein
defined. These patents contain an extensive list of United
States and foreign patents and publications cited as back-
ground in the allowance of these patents. The term “split-
cycle” has been used for these engines because they literally
split the four strokes of a conventional pressure/volume Otto
cycle (i.e., intake, compression, power and exhaust) over two
dedicated cylinders: one cylinder dedicated to the high pres-
sure compression stroke, and the other cylinder dedicated to
the high pressure power stroke.

Conventionally, in a split-cycle type engine, the inlet valve
to the gas passage may be a check valve and the outlet valve
may be a poppet valve. The inlet check valve permits the one
way flow of compressed gas out of the compression cylinder
while not allowing its return. Further, split-cycle type engines
typically include an inlet valve controlling the flow of gas into
the compression cylinder and an exhaust valve controlling
flow of exhaust out of the power cylinder, both of which may
also be poppet-type valves.

The compression stroke of a split-cycle engine discharges
into a high pressure crossover passage, rather than to atmo-
sphere. Accordingly, there is always some gas trapped
between the compression piston and the compression cylin-
der head at top dead center that does not discharge into the
crossover passage. This trapped gas must be re-expanded
down to approximately one atmosphere before a charge of
ambient air can enter the compression cylinder on the intake
stroke.

20

25

30

35

40

45

50

55

60

65

2

As a result, the swept volume of the compression cylinder
in a split-cycle engine must be made larger than that of a
conventional engine for the same amount of intake charge.
This added volume decreases volumetric efficiency and
increases friction of the split-cycle engine. Accordingly, it is
desirable to reduce the piston to head clearance of the com-
pression cylinder in a split-cycle engine as much as possible.

SUMMARY OF THE INVENTION

A split-cycle engine generally includes an engine block
having a first cylinder and an adjacent second cylinder
extending therethrough. A crankshaft is journaled in the block
for rotation about a crankshaft axis. Upper ends of the cylin-
ders are closed by a cylinder head.

The first and second cylinders define internal bearing sur-
faces in which are received for reciprocation a first power
piston and a second compression piston, respectively. The
cylinder head, the power piston, and the first cylinder define a
variable volume combustion chamber in the power cylinder.
The cylinder head, the compression piston, and the second
cylinder define a variable volume compression chamber in
the compression cylinder. The cylinder head also includes an
air inlet connected to the compression cylinder for commu-
nicating intake gas from an intake passage into the compres-
sion cylinder.

A gas passage (or cross-over passage) interconnects the
power and compression cylinders. The gas passage includes
an inlet and an outlet. The gas passage inlet is in communi-
cation with the compression cylinder and the gas passage
outlet is in communication with the power cylinder.

The crankshaft includes axially displaced and angularly
offset first and second crank throws, having a phase angle
therebetween. The first crank throw is pivotally joined by a
first connecting rod to the first power piston and the second
crank throw is pivotally joined by a second connecting rod to
the second compression piston to reciprocate the pistons in
their cylinders in timed relation determined by the angular
offset of their crank throws and the geometric relationships of
the cylinders, crank and pistons.

Alternative mechanisms for relating the motion and timing
of the pistons may be utilized if desired. The timing may be
similar to, or varied as desired from, the disclosures of the
Scuderi patents.

In an internal combustion engine mode of operation, the
compression piston draws in and compresses ambient inlet air
for use in the power cylinder. Compressed air is admitted to
the power cylinder with fuel shortly after the power piston
reaches its top dead center (TDC) position at the beginning of
an expansion stroke. The fuel/air mixture is then ignited,
burned and expanded on the same expansion stroke of the
power piston, transmitting power to the crankshaft. The com-
bustion products are discharged on the exhaust stroke.

The present invention provides a disc valve assembly (disc
valve) that is both a check valve for the gas passage inlet and
a flow control valve for the compression cylinder ambient air
inlet. The disc valve assembly generally includes a disc valve
outlet that is a check valve for the gas passage inlet and a disc
valve inlet that is a washer valve (also referred to as a reed
type or ring type suction valve) for the compression cylinder
air inlet. The washer valve is also a check-type valve that only
allows one-way flow of gases. The disc valve assembly may
also include an unloading valve. The disc valve assembly
reduces the TDC piston-to-cylinder head (p-h) clearance,
thereby reducing the volume of air left in the p-h clearance,
i.e. dead space, and increasing the compression ratio and
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volumetric efficiency. The reduction of p-h clearance also can
reduce the cylinder displacement required to achieve a given
power and torque level.

A Disc Valve Study is incorporated herein, which shows
significant potential improvement of the performance of a
split-cycle engine utilizing a disc valve in its compression
cylinder. More specifically, the Disc Valve Study illustrates
that a disc valve used to replace the intake valves and check
valves on the compression cylinder may allow for significant
reduction of the piston to head clearance. Additionally, a disc
valve with a low disc valve inlet delta pressure (e.g., approxi-
mately 0.2 bar or less) and alow piston to head clearance (e.g.,
approximately 0.25 mm or less) has the potential to signifi-
cantly increase Indicated Thermal Efficiency (ITE) and Indi-
cated Mean Effective Pressure (IMEP) of the engine.

These and other features and advantages of the invention
will be more fully understood from the following detailed
description of the invention taken together with the accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings:

FIG. 1 is a schematic view of a valve assembly in accor-
dance with the present invention for a split-cycle engine illus-
trating a washer valve of the assembly in an open position, a
disc valve ofthe assembly in a closed position, and an unload-
ing valve of the assembly in a closed position;

FIG. 2 is a schematic view of the valve assembly of FIG. 1
illustrating the washer valve in a closed position, the disc
valve in an open position, and the unloading valve in a closed
position;

FIG. 3 is a schematic view of the valve assembly of FIG. 1
illustrating the washer valve in a closed position, the disc
valve in a closed position, and the unloading valve in an open
position;

FIG. 4 is a disc valve concept of the Disc Valve Study
illustrating the exhaust to crossover passage process;

FIG. 5 is a GT-Power Check Valve Characterization graph
of discharge coefficient vs. AP of the Disc Valve Study;

FIG. 6 is a disc valve concept applied to a Split-Cycle
Engine of the Disc Valve Study;

FIG. 7 is a graph of ITE vs. Piston-Head clearances for
varying disc valve inlet maximum AP at 2400 rpm of the Disc
Valve Study;

FIG. 8 is a graph of IMEP vs. Piston-Head Clearance for
varying disc valve inlet maximum AP at 2400 rpm of the Disc
Valve Study;

FIG. 9 is a graph of ITE of the Disc Valve Engine (having
0.1 mm P-H Clearance and 0.2 bar maximum disc valve inlet
AP) vs. Non-Disc Split-Cycle Engine and Conventional
Engine of the Disc Valve Study; and

FIG. 10 is a graph of IMEP of the Disc Valve Engine
(having 0.1 mm P-H Clearance and 0.2 bar maximum disc
valve inlet AP) vs. Non-Disc Split-Cycle Engine and Conven-
tional Engine of the Disc Valve Study.

DETAILED DESCRIPTION OF THE INVENTION

Referring now to the drawings in detail, numeral 10 gen-
erally indicates an exemplary embodiment of a split-cycle
engine having a disc valve in accordance with the invention.
Engine 10, shown schematically, is generally of the split-
cycle type such as that disclosed in U.S. Pat. Nos. 6,543,225,
6,609,371, and 6,952,923 (Scuderi patents), herein incorpo-
rated by reference in their entirety.
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Referring to FIGS. 1-3, an exemplary embodiment of adisc
valve for a split-cycle engine is shown generally at 10. The
engine cylinder head (not shown) includes a generally circu-
lar opening circumscribing a periphery of the compression
cylinder 12 and defining the compression cylinder air inlet
passage 14. The disc valve assembly 10 includes a disc valve
inlet that is an annular ring 16 disposed between the engine
block 18 and the cylinder head about the compression cylin-
der air inlet passage 14 for opening and closing the compres-
sion cylinder air inlet passage 14. The annular ring 16 controls
flow of intake gas into the compression cylinder 12. The
annular ring 16 also includes a generally central opening 20.
The annular ring 16 forms the washer valve 16 and may be a
metal spring flap or other material capable of flexing in reac-
tion to a suction force (i.e., negative pressure). The annular
ring 16 may include a pair of diametrically opposed radially
extending tab portions 22. The tab portions 22 may be
received in notched portions of the engine housing adjacent
the compression cylinder 12, and a fastener 24 may retain
each tab portion 22 in each notch portion to mount the washer
valve 16.

An outer edge 26 of the compression cylinder air inlet
passage 14 adjacent the compression cylinder 12 defines an
outer valve seat 26. A disc valve member 28 (i.e., disc valve
outlet) including a piston portion 30 having a sloped (e.g.,
beveled, truncated conical, or similar) outer sidewall is coop-
erable with the outer valve seat 26. The disc valve member 28
is biased into engagement with the outer valve seat by a
resilient member 32 such as a coil spring or similar. Alterna-
tively, the disc valve member 28 may be hydraulically or
pneumatically loaded. The disc valve member 28 is generally
disposed between the compression cylinder 12 and the gas
passage 34 for controlling flow of compressed gas into the gas
passage 34. The disc valve member 28 also includes a gener-
ally central opening 36 in the piston portion 30 defined by a
sloped (e.g., beveled, truncated conical, or similar) inner side-
wall forming an inner valve seat 37. The central opening 36 in
the disc valve member 28 is concentric with the central open-
ing 20 in the washer valve 16. A generally cylindrical stem
portion 38 extends from the disc valve member 28.

The disc valve assembly 10 further includes a housing 40
generally disposed in the gas passage 34. The housing 40
generally includes a sleeve 42 having an open end, a flow
channel 44 connecting the open end to the air inlet passage 12,
and a control chamber 46. The stem portion 38 of the disc
valve member 28 is received in the sleeve 42 through the open
end of the housing 40 and is slidable within the sleeve 42. The
stem portion 38 of the disc valve member 28 may include one
or more seal rings to seal the clearance between the stem
portion 38 and the sleeve 42. The resilient member 32 biasing
the disc valve member 28 may be disposed about an outer
surface of the sleeve 42 between the piston portion 30 of the
disc valve member 28 and an opposite surface of the housing
40.

An unloading valve member 48 is disposed in the housing
40 and includes a piston 50 disposed in the control chamber
46, a stem 52 extending from the piston 50 through the control
chamber 46 into the flow channel 44, and a disc-shaped valve
portion 54 connected to the stem 52 opposite the piston 50.
The valve portion 54 has a sloped outer surface cooperable
with the inner valve seat 37 of the disc valve member 28. The
unloading valve member 48 is biased into engagement with
the inner valve seat 37. The unloading valve member 48 may
be spring, hydraulically, or pneumatically loaded, or may be
loaded by other similar loading means. In a specific embodi-
ment, the unloading valve member 48 is biased by a spring 56
in the control chamber 46 engaging the piston 50 opposite the















